Abstract 37 ) is a cationic lidocaine derivative that blocks voltage-38 dependent sodium channels when applied internally to axons or neuronal cell bodies. Co-39 application of external QX-314 together with the TRPV1 agonist capsaicin produces 40 long-lasting sodium channel inhibition in TRPV1-expressing neurons, suggestive of QX-41 314 entry into the neurons. We asked whether QX-314 entry occurs directly through 42 TRPV1 channels or through a different pathway (e.g. pannexin channels) activated 43 downstream of TRPV1 and also whether QX-314 entry requires the phenomenon of 44 "pore dilation" previously reported for TRPV1. With external solutions containing 10 or 45 20 mM QX-314 as the only cation, inward currents were activated by stimulation of both 46 heterologously-expressed and native TRPV1 channels in rat DRG neurons. QX-314-47 mediated inward current did not require pore dilation, as it activated within several 48 seconds and in parallel with Cs-mediated outward current, with a reversal potential 49 consistent with P QX-314 /P Cs = 0.12. QX-314-mediated current was no different when 50 TRPV1 channels were expressed in C6 glioma cells, which lack expression of pannexin 51 channels. Rapid addition of QX-314 to physiological external solutions produced instant 52 partial inhibition of inward currents carried by sodium ions, suggesting that QX-314 is a 53 permeant blocker. Maintained co-application of QX-314 with capsaicin produced slowly-54 developing reduction of outward currents carried by internal Cs, consistent with 55 intracellular accumulation of QX-314 to concentrations of 50-100 μM. We conclude that 56 QX-314 is directly permeant in the "standard" pore formed by TRPV1 channels and does 57 not require either pore dilation or activation of additional downstream channels for entry. 58 
All experiments were done at room temperature (22 ± 2ºC). 156
Solutions 157
The standard internal solution was (in mM): 112 CsCl, 13 CsF, 9 NaCl, 1.8 MgCl 2 , 9 158 EGTA, 9 HEPES, 14 Tris-creatine PO 4 , 4 Mg-ATP, and 0.3 Na-GTP, pH adjusted to 7.2 159 with CsOH. For recording QX-314-mediated inward currents, some experiments (e.g. 160 Fig. 1C, Fig. 2B, Fig. 3B ) used an N-methyl-D-glucamine (NMDG)-based internal 161 solution (135 mM NMDG, 5 mM EGTA, 10 mM HEPES, pH adjusted to 7.2 with HCl) 162 that allowed measurement of QX-314-mediated currents at less negative voltages than 163
Cs-based solutions. The standard external solution was a modified Tyrode's solution 164 containing (in mM): 151 NaCl, 2 BaCl 2 , 0.03 CdCl 2 , 10 HEPES, 13 glucose, pH=7.4 with 165
NaOH. 166
The solutions used for testing for currents carried by QX-314 contained QX-314 167 as the only external cation (other than 10 base of 250 mM sucrose. It was necessary to use the hydroxide salt of QX-314 (custom 171 synthesized for this purpose by Ascent Scientific, Bristol, UK) because solutions made 172 using QX-314 bromide or chloride plus HEPES were acidic, and any base used to adjust 173 the pH (e.g. TRIS or NMDG hydroxide) contributes a cation that itself is likely to be 174 permeant in TRPV1. 175
Voltage Protocols 176 TRPV1 current was determined by subtraction of currents before and after application of 177 1 μM capsaicin. The current voltage relationship for TRPV1 current was determined 178 using 2 mV/ms voltage ramps. Ramps were usually delivered in the same sweep both 179 from -160 to +100 mV and from +100 to -160 mV ( Fig. 1 A inset) , with the "down ramp" 180 preceded by 25-200 ms at either 0 or +100 mV. With this procedure, currents carried by 181
voltage-dependent sodium channels were largely inactivated before the down ramp, 182
which allowed more precise determination of TRPV1 currents near the reversal potential 183 by eliminating overlapping sodium channel currents. However, in the experiments in 184
Figs. 5-6 the rectification ratio for currents at +80 mV and -80 mV was measured using 185 the "up ramp"; the rectification ratio using the down ramp was more variable, most likely 186 
Results

214
QX-314 carries macroscopic current 215
The most direct evidence for QX-314 permeation through TRPV1 channels would be 216 measurement of macroscopic ionic currents carried by QX-314 cations. We therefore 217 attempted to directly measure QX-314-mediated ionic currents when using external 218 solutions in which QX-314 is the sole cation added (other than protons, present at 10 -7 219 M). Using the hydroxide salt of QX-314, we made an external solution containing 10 mM 220 QX-314 on a background of 277 mM sucrose (using 5 mM HEPES and hydrochloric acid 221 to buffer the pH to 7.4). Figure 1A We also tested external QX-314 versus an internal solution containing 135 mM 255 NMDG, reasoning that inward current carried by QX-314 should be evident at less 256 hyperpolarized voltages if tested against a larger intracellular cation with less 257 permeability than Cs. As expected, inward current attributable to QX-314 was present 258 over a wider voltage range and reversed at more depolarized voltages with internal 259 NMDG compared to internal Cs (Fig. 1C) . The reversal potential was -39 ± 14 mV with 260 10 mM QX-314 (n=11), corresponding to a relative permeability P QX-314 /P NMDG = 3.3 ± 261 1.9. With external solutions containing 20 mM QX-314, the reversal potential shifted to -262 20 ± 12 mV (n=6), corresponding to a relative permeability P QX-314 /P NMDG = 3.5 ± 1.7. 263
Thus, QX-314 actually has a substantially greater permeability than NMDG -at least as 264 determined from reversal potentials -despite being a considerably larger molecule. 265
We next tested for permeability of QX-314 in native TRPV1 channels expressed 266 in rat DRG neurons. With 10 mM QX-314 in the external solution and 143 mM Cs in the 267 internal solution, 5 μM capsaicin activated an inward current that reversed at -114 ± 15 268 mV (n=9, Fig. 2A ), corresponding to a relative permeability P QX-314 /P Cs = 0.20 ± 0.13. In 269 experiments done with a NMDG-based internal solution, the capsaicin-activated inward 270 current reversed at -41 ± 6 mV (n=8, Fig. 2B ), corresponding to a relative permeability 271 P QX-314 /P NMDG = 2.8 ± 0.7. Thus, native TRPV1 channels behave very similarly to 272 heterologously expressed channels and also carry QX-314-mediated current. 273
QX-314-carried current activates and deactivates in parallel with Cs-carried 274 current 275
With rapid application of capsaicin, the inward currents carried by external QX-276 314 activated within seconds, in parallel with the outward current carried by internal 277 cesium (Fig. 3A) , with no evidence of a lag that might be expected if QX-314 entered 278 through a downstream pathway or if QX-314 permeation required pore dilation. On 279 removal of capsaicin, the QX-314 carried inward current also deactivated immediately 280 and in parallel with Cs-mediated outward current. In addition, QX-314-mediated inward 281 current and Cs-mediated outward current were blocked immediately and simultaneously 282 by 10 μM ruthenium red, a pore blocker of TRP channels, n=7, Fig. 3B ). The rapid 283 activation and deactivation and immediate block by ruthenium red are consistent with the 284 QX-314 mediated inward current being carried directly through TRPV1 channels and not 285 though a second messenger-activated pathway such as pannexin channels. The rapid 286 activation of QX-314-mediated inward current in parallel with Cs-mediated outward 287 current also suggests that permeation occurs through the "standard" pore structure and 288
does not require the time-dependent pore dilation process previously documented for 289 External QX-314 is a permeant blocker in the pore of TRPV1 channels. 301
We next examined the effect of external QX-314 added to solutions in which sodium is 302 the main cation. In this series of experiments, the external solution was a modified 303
Tyrode's solution with 155 mM Na as the main cation, with a Cs-based internal solution. 304
As expected, 1 μM capsaicin activated a current reversing near 0 mV. The current-305 voltage relationship showed the strongly outwardly-rectifying shape typical of TRPV1 306 current (Caterina and Julius 1997). Rapid substitution of an external solution that was 307 identical to the capsaicin-containing external solution but with the addition of 10 mM 308 QX-314 produced an instantaneous reduction in the inward limb of the current-voltage 309 relationship (Fig. 4A) . This suggests that although QX-314 is permeant through the 310 TRPV1 channels, its permeation impedes the passage of Na ions, i.e., it is a permeant 311 blocker. Instantaneously, QX-314 had little effect on the outward limb of the current 312 voltage relationship, as if external QX-314 has little or no effect on the efflux of Cs ions. 313
However, with maintained application of 10 mM QX-314 in the presence of capsaicin, 314
there was a gradual reduction over seconds in the outward current carried by Cs. We 315 hypothesized that this effect is caused by intracellular QX-314 accumulating inside the 316 cell as it enters through TRPV1 channels and then acting as a permeant blocker from the 317 inner face of the TRPV1 pore to reduce outward-going Cs current. Consistent with this, 318 when QX-314 was abruptly removed from the external solution, the effect on the inward 319 limb of the current-voltage curve reversed immediately but the effect on the outward limb 320 remained (Fig. 4B) . 321 Figure 4C shows the time-course with which outward current was inhibited and then 322 recovers from co-application of QX-314 and capsaicin. Outward current was reduced to 323 about half in the first 3 seconds, followed by a slower decline over the next 5 minutes. On 324 wash-out of external QX-314, there was slow and partial recovery of the outward current 325 that was still incomplete after 5 minutes of exposure to capsaicin alone. We interpret the 326 recovery as reflecting a combination of efflux of QX-314 through the activated TRPV1 327 channels along with diffusion of QX-314 from the cell body into the much larger volume 328 of QX-314-free internal solution in the recording pipette. 329
The results in Fig. 4 were typical. In collected results, when 10 mM QX-314 was 330 applied rapidly in the Na-based external solution during continuous activation of TRPV1 331 current by capsaicin, the inward current at -80 mV was instantaneously reduced by 66 ± 332 12%, while current at +80 mV was reduced by only 37 ± 10% (n=18) when measured 333 quickly (<1 sec) after the application of 10 mM QX-314. This reduction of outward 334 current is likely an over-estimate of the instantaneous reduction of outward current 335 because the time-dependent reduction interpreted as reflecting accumulation of 336 intracellular QX-314 began to develop within seconds. 337 QX-314, we tested directly the effect of intracellular QX-314 applied in the patch pipette, 353 using recordings of capsaicin-activated current in DRG neurons. We found that 354 intracellular QX-314 produced a dose-dependent change in the shape of the current-355 voltage relationship for capsaicin-activated current (Fig 5A,B) , suggesting a voltage-356 dependent inhibition of outward-going current. There was little apparent effect of 357 intracellular QX-314 on the shape of the current-voltage relationship for inward current 358 and no change in reversal potential, but outward current at +80 (normalized to inward 359 current at -80 mV) was reduced by ~50% by 100 μM intracellular QX-314 and by ~90% 360 by 1 mM QX-314. The data suggest that intracellular QX-314 produces powerful block 361 of outward current. 362
The quantifiable and reproducible change in the rectification of capsaicin-363 activated current by intracellular QX-314 suggested that it should be possible to use this 364 change to estimate the concentrations of intracellular QX-314 that develop when 365 extracellular QX-314 is co-applied with capsaicin. Figure 5C shows an example of the 366 current-voltage relationship for capsaicin-activated current before and after presumptive 367 QX-314 loading by co-application of 10 mM QX-314 with 1 μM capsaicin (with the 368 current-voltage relationship after loading measured after removing external QX-314). 369
The ratio of current at +80 mV to that at -80 mV changed dramatically, from 4.3 in 370 control to 1.5 after QX-314 loading for about 6 minutes. By comparison with the changes 371 seen with known amounts of QX-314 applied intracellularly (Fig. 5B) , this change 372
suggests that in this cell intracellular QX-314 accumulated to a concentration of about 373 200 μM. In collected results from 11 neurons with QX-314 loading by application of 10 374 mM QX-314 with 1 μM capsaicin for times ranging from 100 sec to 6 minutes (average 375 of 184 ± 88 sec), the rectification ratio changed from 4.8 ± 0.6 before loading to 2.9 ± 0.8 376 after loading (Fig. 5D) , suggesting an accumulation to typical concentrations of 50-100 377
μM. 378
The simplest interpretation of these results is that QX-314 accumulates 379 intracellularly as a result of permeation through TRPV1 channels. In agreement with this 380 interpretation, the same effects were seen in experiments using TRPV1 expressed in 381 pannexin-lacking C6 cells. Figure 6 shows an example for a TRPV1-expressing C6 cell, 382 in which the rectification ratio for current at +80 mV relative to that at -80 mV changed 383 We found that inhibition by QX-314 was strongly asymmetric, depending on whether it 422 was applied externally or internally. In both cases, inhibition was strongly voltage-423 dependent, but with opposite directionality. Externally-applied QX-314 reduced inward-424 going current much more than outward current (at least instantaneously), while 425 internally-applied QX-314 appeared to affect only outward current. The asymmetry of 426 QX-314 inhibition is also reflected in the stronger effects of internal QX-314 (1 mM 427 reducing outward current by ~90%) compared to external application (10 mM reducing 428 inward current by ~ 66%). in Fig. 1C . Current-voltage currents were generated using ramp commands as in Fig. 1,  676 subtracting current before and after application of 5 μM capsaicin. 677 TRPV1 expressed in C6 cell
